In 1925, Mathews [1] suggested as the first that cooling carbon steel to sub-zero Celsius temperatures after conventional cooling to room temperature could promote additional formation of martensite, yielding a reduction of the fraction of retained austenite and consequently attaining an increase in hardness. These concepts were further established over the next two decades [2] [3] [4] [5] .
The austenite-to-martensite transformation at sub-zero Celsius temperatures in carbon steel was systematically investigated in the 1940s by Cohen et al. [5] . According to Cohen, martensite formation in steel progresses during cooling to approx. 120 K and further cooling would be ineffective. Moreover, the transformation halts on interrupting the cooling and does not proceed during re-heating. The work of Cohen implies that cooling carbon steel down to at least 120 K minimizes the fraction of retained austenite.
Conversely, several investigators showed that, when Fe-C alloys are cooled fast to cryogenic temperatures (i.e. < 120 K), an austenite-to-martensite transformation can manifest during re-heating of the material [6] [7] [8] . Martensite formation during re-heating takes place in the temperature interval 90 -170 K and indicates that the austenite-tomartensite transformation is time-dependent at sub-zero Celsius temperatures. Thus, if the transformation is, at least partly, suppressed by fast cooling, it can take place on subsequent re-heating.
So far, it has not been clarified to which extent the heating rate influences the fraction of austenite retained in carbon steel upon cryogenic treatment, and consequently whether the heating rate from 77 K influences hardness and possibly other properties and performance of components. Indications in this direction were only recently reported in Ref. [9] . 2 In the present work, three Fe-C alloys were synthesized by induction melting from elemental Fe (99.9999 % pure) and graphite. The C content of the alloys was measured after casting by combustion analysis and amounted (in wt-%) to 0.97±0.01, 1.20±0.02 and 1.59±0.02. Disc-shaped samples were with a thickness of 0.7 mm and a diameter of 3 mm machined from an as-cast 4 mm diameter rod.
After machining, samples were homogenized at 1380 K for 64.8 ks in continuous Ar flow, austenitized at 1350 K for 180 s, water quenched and tempered at 950 K for 0.6 ks. Subsequently, each sample was austenitized at 1350 K for 180 s and water quenched. After water quenching, some of the samples were cryo-treated. Storage time at room temperature prior to cryo-treatment was approx. 0.5 ks. Two types of cryotreatments were applied: (i) immersion in boiling nitrogen followed by immersion in water (up-quenching); (ii) immersion in boiling nitrogen followed by isochronal heating at 0.00833 K s -1 (0.5 K min -1 ).
The Fe-1.2%C alloy was selected for a series of additional experiments. The microstructure of the material was subjected to a second austenitization and tempering cycle. Prior to cryo-treatment, the material was austenitized and stored as reported above. Slight decarburization of the samples was revealed by an approx. 1% lower fraction of retained austenite after water quenching as compared to the first set of experiments. Cryo-treatment consisted of immersion in boiling nitrogen followed by reheating to room temperature: (i) at a constant rate of 0. The austenite-to-martensite transformation was followed in situ by magnetometry. Magnetometry was performed with a LakeShore Cryotronics 7407
vibrating sample magnetometer equipped with a 74018 low-temperature option. A magnetic field of 1 Tesla was applied to bring the samples to magnetic saturation.
Details of the experimental set-up are given elsewhere [10] .
The (molar) fraction of austenite in the samples, ´, was quantified according to:
where is the measured specific magnetization (magnetic moment per mass) at saturation of the sample, and ´ is the magnetization at saturation of pure iron (i.e.
217.6 emu/g [11] ) multiplied by the weight percentage of Fe atoms in the material. Eq.
1 is based on the assumption that the magnetization of austenite is negligible (see also
Ref. [12] ). In fact, the magnetization of austenite under applied magnetic field of 1 Tesla is typically < 1 emu/g.
Hardness measurements were performed approx. 10 months after heat treatment with increasing C content for all investigated conditions. Moreover, for all alloys investigated in the present work, the fraction of retained austenite is largest in the samples conventionally cooled to room temperature and lowest in the samples additionally immersed in boiling nitrogen and isochronously re-heated to room temperature at a slow rate. Evidently, data consistently indicate that immersion in boiling nitrogen promotes martensite formation in addition to conventional cooling to room temperature.
Furthermore, data unequivocally demonstrates that the heating rate applied during heating from 77 K to room temperature affects the martensite content in Fe-C alloys:
slow heating promotes an additional transformation of retained austenite into martensite as compared to up-quenching in water.
Data of the interrupted heating from boiling nitrogen temperature to room temperature are presented in Fig. 3 as the fraction of retained austenite converted into martensite, − , versus temperature, T. Figs. 1b and 2 is not possible due to slight decarburization of the samples. However, the fraction of retained austenite in these samples is lower than for 0.97%C samples heated at a rate of 0.0083K s -1 , strongly supporting the observation that long isothermal holding at cryogenic temperatures maximizes the conversion of austenite into martensite.
Evidently, by applying a long isothermal holding step at cryogenic temperatures it is possible to further reduce the fraction of retained austenite in carbon steel compared to current practice. Conversely, short isothermal treatments are not as effective.
Consequently, it is not surprising that long isothermal holding steps at cryogenic temperature have been reported to have a significant impact on the performance of carbon steel components in service. [33] [34] [35] The observations in the present work can be understood by considering timedependent martensite formation. Shih et al. [36] were the first to present experimental data on isothermal martensite formation in ferrous (Fe-Ni-Mn) alloys at sub-zero hardness was based on ASTM Designation: E140 − 12b [32] . Data points from Ref.
[24] refer to martensite formed at plateau III (see Ref. [24] ). Data points from Kurdjumov in Ref. [25] were excluded based on Ref. [26] . For Ref. [28] , only data relative to bulk specimens were considered.
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